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ABSTRACT

This paper describes results of preliminary experiments designed to
develop automatud {low-analysis methods for determining damage to respiratory
cract cells in numans exposed by inhalatlon of physical and chemical toxic
agents, the specific goal being the determination of carly atypical changes
in expcsed lung epithelium using the Syrian hamster as a model rest system.
Hamster respiratory cell samples composed of macrophagvs, leukocytus, ciliated
cclumar, and basal undifferentiated cells were obtained by lavaging the lungs
with physiovloglcal saline. Cell samples stained wich rluorescent dyes spe-
cific for various biocnemical parameters were analvzed in liquld suspeasion
as they floved through a chamber intersecting a laser beam of cxciting light.
Sensors mcasured the fluorescence aad lipht-scatter optical signals on a cell-
by-cell basis. Cellular parameters proportional to optical signals (e.p.,
enzymatic esterase zctivity, cell size, DNA content, protein, nuclear and
cytoplasmic diameter) were displayed as frequency distribution histoprams.
Cells were also separated electronlcally and identlfied microscopically. The
baslc operating fcatures of the technology are presented, along with rep-
resentative cramples of resulrs which illustrate Laltial characterizatica of

normal cxfollated respiratory tract cells.



INTRODUCTION

The application of advanced fl-~w-analysis methods to measure physical
and biochemical properties of cells from the respiratory tract provides a new
approach for assessing damage to lung epitheliun of humans exposed by inhala-
tion of toxic agents (1-3). This includes the development of automated
methods for determining carly aryplcal cellular changes in extfoliated respi-
rato.y cells from medel anlmal systems, wialch will ultimately provide a
methodology wpplicanle to examining human sputuz samples. To develos the
necessary analyti.al flow technlques for quantltative assessacnt of cellujar
damige, ¢oll anclysis and sorclng instrumentation duveluped at the Los alamos
Scientific Laboratory (4) iIs currently being used to cheracterize initialiy
respir.zory troct cells from the Syvrian hamster which hdas been selected as the
expericental test systenm.

The approach is to adapt cell preparation and staining techniques pre-
viously developed (5) and to characterize resplratory cells usiog the mulei-
paramcter cell analysis (6) and wultiangle light-scatrer (7) svstems. This
includes the acqulsition of evxfoliared respiratory cells by lavagiu, the lunps
with saline; adaptation of cvtological techniques designed tor dispersing
buman gynecological specimens to hamster lung epithelium tor obtainineg single~
cell suspensions; utilization of exiscing scalving technigues For measurement
of cellular blochemical parameters; and Inittal characterization using flow
instrumentatina, Exumples of preliminary results from studles involving
characterization ¢f regpiratory tract cells based «n nonspecitic csterase
activity, two-color acridine orange f{luonrescence, [NA contenc, protein, cell
slze, nuclear aud cytoplasmic dlaneter, and multian 1+ lipght=scatter properties

are prescited in this teport. As the flow technology ‘s adipted turther to
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analyze respiratory tract cells, measurement of carly changes in the various
cellular propertics as a function of exposure to toxic materials will be per-

formnd.

MATERIALS AND METHODS

Sample Acquisition, Preparation, and Staining

Normal Syrian hamsters were sacrificed by adminisc.oring 13 my of sodiue
pentobarhitol intraperitoneally. The trachea was surgically exposed, lotu-
bated with a 19-gauge, 3.5-cm bluat-tipped, stalnless steel needle bent 37 08
the midpoint and atcached to a svpinge containiag 3 ol of pheelelegical sating,
and chen was secured around the necedle by tving with chiremic gut. Vi tespi -
ratory tract posterior to the larvax was then sequentially lavaged 03,3)
four times to obtain exfollated cells. Differential counts, surmarized in
Table 1, indicate that samples were composed primaraly of uacrophoaaaes, leuk-
cytes, ciliated columnar cells. and basal unditfercutiated cells plus seall
debrix. Clvmps and sheets of epithelial colls were disaperegated he toreias
(syringing) the suspension through a 253-gauge needle.

To demonstrate nonspecific evsterase activicy In resjpiratory tract cells
and subscquent viabllity, unfixed samples (2.5 ml) were stalaed withc Fluores
cein diaccetate (FDA, 10 ul of 0.5 g FDA/IVQ ml aceione) at O ror 30 min using
the "fluorochromasia” procedure (9) and analysed for toeal flusrescence. Live
cells accumulate (luorescein Intracellularly when FDA is hydrolezod by esterases,
gince the free fluovresceln canpot pass out through the intact cel!l membrane.
Unfixed samples were also stafped with acridine orange (A0, 100 31 of 10 1y
AO0/m1 galine) at room temperature and analyzed for two--color nuelear (proeen)

and cytoplasmic (red) fluorescence.

4=



Samples fixed in 35% c¢thanol were stajned for DNA using mithramycin (10,
11) and analyzed for total DKA content and cell size by measuring fluorescence
and small-angle light scatter, respectively. Flxed samples were also stained
for DNA and protein using prop.dium fudide (PI) and fluorescein isothiocvanace
(FITC), respectively (11,12), and analr;zed for two-color red and gre:n fluorea-
cence propertivs. 3Suclear and cytoplasalce diameters were deternined from
analop sipnal tioe durations as described below. Samples stained with FDA, Av,
and mithramycin reziined {n the staln selurion during aaalvsls, whereay PI-
FITC stuined cvlls were randed and resuspended in salfne for two-coler fluores-

cence analvsis,
Logtrumentat Lon

The principle of measurcowent was as follows (Fig. 1). Cells staiaed in
liquid xuspension Dlowed through a chasber (lu3lscr1 JU a nearly constant
velocity and intversected o navrow, elliptically shaped, arcor laser beam. As
cells crossed the narrew wall of laser f1lvminatfion, bound dvex were excited
to fluwresce and cells scittered light, the laser wavelength settings being
457 and 488 nm for excitation of mithramycIn and FDA/AU/PLI-FITC, respectively,
Both fluurescence and Hight scatter were electro-opiical ly avasured, the
fluorescence sensora belng dwil photomultipl ter Lubex which quanti .ated total
or two-color fluorcscence of selectable color scraratlon repions.  Llght scatter
w 2 measured by optically locusing the forwird light scattered at 0.7 to 2.0°
ontn a photodiody detector (13).

Muclear and cytoplasmic diameters were determined by electronically meas -
uring the time regquired Tor the cell ouclews and cevtoplasm to pass across the
“thin wall" of laser {1llumlnation. For cxample, as mithzamve In-scalned cells

' ¢hp laser beam, annlog [luorcscence (nucleus) aond light-scatter (cvio-

-~munrted electronlcally (nto signals, the



amplitude of which was proportional to the respective dlameter (14). Nuclear
and cytnplasmic diameter measurem2nts were determined slmilarly from PI-FITC
stained cells by measuring the red (nucleus) and green (eytoplasm) [luorescence
signal time durations (15). Both methods are similar in concept to the "slit-
scan" principle prevlously described by Wheeless (16,17).

Optical signals proportional to the varicvus cellular parameters were pro-
cegsed as aingle parameters or two-parameter combinations. A multichannel
pulse-height analyzer accumulated and displayed signals as pulse-amplitude
frequency distribution histograms (Fig. 1). After optical measurement, cells
emerged from the flow chamber exit nozzle in a streaw (liquid jet) which was
broken into uniform droplets, thus isaslating cells into droplets wit'i approx-
imately 2% containing a single cell (18). When experiments required cells to
be scparated, processed signals corresponding to the specific region ot a
distribution In which cells to be scparated ware located activated an elec-
tronic time delay which then triggered a droplet charging pulse. This caused
a group of droplets containing the cell of interest to be charged and
deflected by a static electric field into a collectlion vessel. Sorted cells
were then introduced into a cytocentrifuge and deposited onto a microscope
slide for counterstaining and identificatlon.

In addition to measuring small-angle light gcatter, a flow instrument
capable of measuring light scatter at 32 angles simultaneously (7) has been
used to analyze respiratory tract cells. As cells pass through the flow
chambar and intersect a helium-necon laser beam, scattercd light is detected
using a circular photodiod, array, measured values stored {n a computer, and
then processed to form a scatter dlagram of light-scatter Intensity vs angle.
The Bc.! ter data are then converted into a cluster diagram which permits
individual light-scatter patterns frowm each cell to be grouped accurding to
a sathematical clustering algorithm (19).
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RESULTS

Figure 2 shows a typical fluorescence disiribution recorded vn a hawreo -
lung washing after treatment with FDA. The distribution has three distinct
regions of cell; composed cof peaks 1, 2, and 3. Respiratory tract cells
correspending to peaks 2 (channels 20-60) and 3 (chaanels 60-95) have been
identified by sorcing and microscopic examination as belng made up principali:
of leukocvtes and macrophages, respectively. Cells corresponding to the much
smaller peuk 1 have not been ldentified positively but are under further fnves-
tigatioa. Elmilar data from other hamsters indicate that the total ouamber of
cells within the different regions varies from animal-to-animal (3). {Furtiwr
tests arc also pliimed to determine where basel undiffercentlated and clliated
columnar cells a-e located in the distributions aad to deteraine if FDA activ-
ity 13 correlated with cell volume,

Our iritial results have demonstrated that respiratory cract cells can
be charactuerized using a two-color \0 {luorescence method similar to that
previously described for differentiating human blood peripheral leukoceytes
(20) In which the nucleus fluoresces preen and the cvtoplasm (granules) red.
The green and red [luores cence distribution recorded on a ceil sample stained
with A0 i:. shown in Filg. 3. The green fluorescence distribulicn is nearlvy
unlmodal, 1llustrating somewhat uniform nuclear staining, and is also similar
to that obtained for humia leukocytes. Yowever, the gated red fluorescence
distribution, which reflects primarily cytoplasmis goanulation, show: three
distinct regions. Peaks 1, 2, and 3 have not yet been [dentificd by the cell
geparat lon metiods described above, but experimeats are und. r wav te determine
the cells contiined within these repions.

Results obtalned from measurement of DNA content, cell size, and nuclear
and cytoplasmic diameter are fllustrated In Fig. 4. Figure 4A shows the DNA
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distribution in which the first peak represents cells baving 2C diploid DNA
content and the second peak doublets and binucleated celis having ¢ DNA
content (3). The cell size distribution (small-angle light scatrer), which
was obtained by recording only those light-sca'ter signals coincident with
fluorescence signals (DNA content), is broad, indlcatine a wide ranpe of cell
sizes ccmpused primarily of two major regicns (peaks 1 auad ) us {llustrated
in Fig. 4B.

The nuclear diameter distribution (Fig. 3C), which was obtained from
fluorescence signal time duration mecsurements, Is essentiallyv unimodal,
indicating cells with nuclel similar in size. Peak 2 of Fig. %C represents
a small portion of the population composcd oF cell doublets and those waich
are binucleated. The gated cvtoplasmic diameter distribucion (Fiy. D),
determined from small-angle light-scatter sigual time duracion measurement.;
in coincidence with fluorescence signals, (ndicates a minimum of two cell
types.

Similar data recorded on other resplratory tract washings show a mininun
of three cell cypes. Experiments are currently in progress to verify what
cells correspond to the different peaks In the respective diameter dlstribu-
tions and to improve the resolution cf diameter measurcments.

Two-color fluorescence analysis of DNA content, total proteuin, and nuclear
and cytoplasmic diameter In respiratory tract cells stained with PI-FITC is
shown in Fig. 5. The DNA content distribution (Fig. 5i) is unimodal but some-
what broader than that recorded earlier using the mithramycin technique (Fig. 4A).
This increased broadness is thought to te due, In part, to spectral color over-
lap that exists between PI and FITC. The gated protein distribution (Fig. 5B),
which way obtained by recording only these green (protcin) signals coincident

with red (DNA) fluorescence signals, Is broad and indicates a wide range In



cellular protein content. The nuelear diameter discribarlon (Fi:. 5C), which
was obtained from red fluorescence signal time duration measuremerts, is uni-
modal nnd similar to that recorded using mithramvein (Fi;. 4C).  However, the:
gated cytoplasmic diamcter discribution (Fig. 5D), derived frea green fluores-
cence sigral time durations coincident with DNA content sigrals, is bimodal and
shows a minimum of two cell populations Jiflfering i1n diameter by about 2.,
Future vxperiments wili involve separating cells bascd on cyteplasmic diameter
measurcnents for identification purposes.

In studlvs desipned to measure subtle differences in cell morphology,
flow multiangle light-scatter techniques have been used to analvze exfoliatec
namster res; jratory tract cells based on differences in scatter patterns
(Fig. 6). At least three groups can de distiagulshed based on the angular
light-scatter intensity measurements (2). Recent data indicate that possitly
four to five cvell rrpes may be detected using this methodoleogy. Future exper-
iments will involve separating cells differing in their light-scatter patteras
and identifyving what types correspond to the reglons of the cluster dlagram.
Such are dependent upon the addition of cell sorting capability to the multi-

angle light-scatter flow system (7) which is presently under way.

These results demonstrate the potential rcapability cof applving multi-
paramcter f[low-systems technelogy to analyze exfoliated respiratory tract
cells, the uitimate goal being development of cytolopical and blochemical indi-
cators for use In estimating damage to lung epithelium of humans exposed by
inhalation to toxic agents. Respiratory tract cells from normil hamsters will
continue to be analyzed using the different flow-analysls metneds for the

required inltial characterizations. These will Include DNA conternt, prctein,
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cell size, enzyme activity, nuclear and cytoplasmic size relatlonships ine lulis,
nuclear-ro-cytoplasmic ratiovs, and multianglie light-<catter propertics.  Cells
will Ye characterized more extensively based on these paramcters and, in oddi-
tion, will be separated and morphologically identified. As experimentaticn
proceeds, it may be necessary also to medify the cell preparation and stainin.
procedures and instrumental analysis methods developed In the fnitfal studie.,
In addition, continued emphasis will be placed on new methods whilch may be
potentlal Irdicators cf acyplcal cellular changes. As the rlow technol.e -y
becomes adapted to the analysis of respiratory tract oolls, measiarement
physical and biochemical cellular prepertivs as a function of exposure e texd
agents will be performed on groups of vxperimental and ceatre! animals, Wiz,

the results ultimately being extrapolated t. humins.,
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TABLE 1. Differential cel) counts of normal hamster respiratory trac: cell

samples obtalned by lavaging the lungs with normal saline?

liamster Macrophages Leukocytes Basal Undifferentiared Ciliated Columnar

Numbe: (%) (%) Cells (%) Cells (%)
1 74 i8 7 1
2 79 14 6 1
3 74 17 7 2
4 44 43 12 1

%petermined microscopleally from Papanicolaocu-stailned samples.
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Fig. 1. Diagrar of the multiparameter cell separator system, {llustrating
laser excitatlon, fl1ow chamber, flucrescence and lipght-scatter scensors, signal
processing, and cell separation clectronies, and droplet charging and deflec-

tion scheme.
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Fig. 2. Frequency distribution histogram of a normal hamster respliratory
tract washing stalned with fluorescein diacetate (FDA) and analvzed for flueres-
cence. The horizontal axis fs proportional to the logarithn of [intracellalar
fluorescence (three deocades) . Cells corresponding to peaks 2 oand 3 have beon
fdentificd as leukoeyten and macrophages. respectively. Peak |0 under inves-

tipation,
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Fig. 3. [Frequency d. .ribution histograms of a normal namster respiratery
tract washing stained with acridine srange (AO) and analyzed for two-color
fluorescence: (A) green nuclear fluorescence and (B) gated ra=d cyvtuplasmic
fluorcccence obtained by recording only red fluorescence ¢ignails coincident
with green anuclear tluorescence. The horizontal axes of both distributions
are proportionial to the logorithm ol (luorescence signal amplitude (tiirec
decades). Cells corresponding to peaks 1, 2, and 3 of (B) have not been iden-

tified but are under investigation.
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Fig. 4. Frequency distribution histograms of DNA content, cell size, and
nuclear and cytoplasmic diameter [or a normal hamster respiratory tvact washing
fixed and stained with mithramycin and analyzed for fluorescence and light-
scatter properties: (A) DNA conteat; (B) cell size of nucleated cells obtained
by recording only light-scatter signals from fluorescing cells: (C) nuclear
diameter obtained trom tluorescence signal time durations; and (D) cvtoplasimie
diameter obtained by recording only light-scatter signal time durations frem
fluorescing cells. Peaks 1 and 2 of (A) and (C) represeat celis having 2C
diploid DNA conteat and 4C DNA content (doublets and binucleated cells), respuc-
tively. Poeaks | and 2 of (3) and (D) represent nucleated cells and have not

been positively identified.
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Fig. 5. Frequency distribution histograms of DNA content, total protein,
and nuclear and cytoplasmic diameters from a normal hamster respiratory tract
washing fixed and stained with PI-FIIC and analyzed fu. two-color fluorescance
propertivs:  (A) DNA countent; (B) rotul protein obtrined by recording oul,
green [luorescence si,;nals from nuclvated cells; (C) nuclear diameter obtaine!d
from red nuclear [luosrescence signal time durations; aund (D) cvtoplasmic diam-
eter obtained by recording oaly green fluorescence sipnal time durations fro=
nucleated cells. Celis corresponding to puuks 1 and 2 ot (B) and (D) have

not been positively iderntified and are under investigation.
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Fig. 6. Cluster dlagram derivaed from multiangle light-scatre: pattern
(threv decade log intensity vs angle) recorded on a nerzal hamster respiraters

tract cell sample. Each cluster, which represents a cell sire grouping. is

encl sed by a broken or solid line and shews an cxcursion of one standard
in

deviation from the mean. The percentages repruesent the approximate numbe:

each size class (cluster). Cells cerresponding ro the clusters have aeot been

positively identified and arce under investigaticn.
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